Sawdust of Artocarpus hirsutus impregnated with ferric hydroxide and activated alumina (SFAA) has been studied for defluoridation of water. This paper presents a detailed surface characterization of the adsorbent by studying pore size distribution and surface morphology. By combining the constituents in the right proportion, an adsorbent with a well-developed pore size distribution could be synthesized. The effects of various parameters on fluoride adsorption by SFAA are investigated.
INTRODUCTION
locally available sawdust impregnated with ferric hydroxide and activated alumina was studied for its efficacy for removal of arsenic from drinking water and the results were reported in our earlier paper (Dhanasekaran et al. ) . Arsenic removal of greater than 98% was reported for an initial concentration of 2 mg/L. This paper presents the results of investigation for application of the same adsorbent, SFAA for removal of fluoride from drinking water.
MATERIALS AND METHODS

Chemicals
The chemicals used in this study were of analytical grade.
Fluoride stock solution of 1,000 mg/L was prepared using sodium fluoride and demineralized (DM) water. This stock solution was diluted with DM water to prepare a fluoride solution of desired concentration.
Pretreatment of sawdust
Different locally available trees sawdust was tested for their suitability as a base material for the adsorbent. Pretreatment of the sawdust was carried out as detailed in our earlier paper (Dhanasekaran et al. ) . Capacity of this different tree sawdust for adsorption of fluoride was investigated using a solution containing 25.6 mg/L fluoride and results are presented in Table 1 . The results show that Artocarpus hirsutus, called 'Anjili' locally, exhibited the highest adsorption capacity and therefore it was selected for preparation of the adsorbent. It can be seen that the adsorption capacity for the sawdust is 13.43% at this concentration, which is quite appreciable for a base material. It may be noted that the same sawdust earlier also showed maximum adsorption capacity for arsenic (Dhanasekaran et al. ) .
Adsorbent preparation
Preparation of adsorbent was explained in detail in our previous paper (Dhanasekaran et al. ) . 
Adsorbent characterization studies
The Halsey equation for N 2 adsorption at 77 K can be expressed as
From the slope and intercept of V-plot the mesopore surface area, S meso and micropore volume, V micro are calculated (Siminiceanu et al. ) .
The micropore surface area is calculated by subtracting mesopore surface area from the BET surface area.
Mercury porosimetry is used to determine the macropore volume and macropore surface area by employing Thermo scientific Pascal 140 mercury porosimeter with a maximum test pressure of 400 kPa at 298 K with Hg density 13.59 g/cm 3 .
The morphology of SFAA before and after fluoride adsorption was investigated using Philips XL-30 electron microscope. As the samples were insulating, samples were gold coated to avoid charging. Fourier transform infrared spectroscopy (FTIR) spectra were recorded between 500 cm À1 and 4,000 cm À1 with 16 cm À1 resolution using ABB-MB3000 FTIR spectrometer.
The X-ray photoelectron spectroscopy (XPS) was performed with XPS spectrometer (M/s. Specs, Germany)
provided with a monochromatic AlK α radiation and a hemispherical analyzer. The base vacuum was observed to be better than 5.0 × 10 À10 mbar during the analysis. The selected area scans were collected with 20 eV pass energy.
Batch sorption experiments
Dry sorbent of 0.1 g was added to 10 mL of synthetic fluoride solution in sample vials of 15 mL and the pH was adjusted to 6.5. These samples were kept in a thermostatic shaker for mixing at 30 W C under 40 rpm. Samples removed at predetermined time intervals were centrifuged, filtered using 90 mm φ Whatman filter paper and the filtrate was analyzed for residual fluoride concentration using an ion selective electrode. Experiments were repeated to check for reproducibility. The amount of fluoride adsorbed at equilibrium, q e (mg/g), was computed by
where 
RESULTS AND DISCUSSION
Optimization of sawdust, ferric hydroxide and activated alumina ratio activated alumina were also shown in Figure 1 . It can be seen that the composition 1.5:1:1 gives the highest capacity and the value is almost equal to that of activated pure alumina up to 40 mg/L more than activated alumina beyond this. It should be noted that the activated alumina is less than 30% by weight in SFAA. Therefore, the present adsorbent is more economical and ecofriendly than activated alumina. Hence, the composition of 1.5:1:1 is chosen and the experiments related to other operating parameters were carried out using this composition.
Adsorbent characterization studies
Surface area and pore size distribution by nitrogen adsorption
Surface characterization of the adsorbents has been carried out by finding out surface areas and pore volumes in different ranges, viz., micro, meso and macro. In the case of Table 2 . It can be seen that the sawdust has substantial macropore volume and micropore surface area. In case of activated alumina the surface area is mostly in the mesopore region and the macropore volume is moderate. As a result, the combination adsorbent, SFAA has a well-balanced pore size distribution with the pore volumes and surface areas distributed in macro-, mesoand micropore regions. was found to be 35.9 and 37.1%, respectively. Figure 4 shows the FTIR spectra of SFAA before and after fluoride adsorption. The broad and intense peak at 
FTIR
3,060-3,600 cm À1 is characteristic stretching frequency of hydroxyl groups and the peak which is observed at 1,640 cm À1 is assigned to the bending vibration of adsorbed The adsorption was nearly constant over a wide pH range of 1 to 9, giving percentage removal of about 72% Table 3 that SFAA showed higher fluoride adsorption capacity compared with activated alumina used in the study. Although activated alumina is reported to exhibit a reasonably high fluoride ions adsorption capacity, the capacity is reported to be enhanced by the addition of ferric hydroxide (Sujana et al. ) . Anjili sawdust serves as a base material, offering several surface functional groups (hydroxide, amino, carboxyl, thiol, sulfhydryl, alcohol, phenol) which have the potential to participate in the fluoride ion exchange reaction. In addition, it also provides a high specific surface area for metal hydroxides, which upon impregnation raise the total functional groups of the adsorbent that take part in fluoride ion exchange. As already explained in 'Adsorbent characterization studies', the sawdust contributes significantly in the macropore region and hence serves as a good host material.
Effect of temperature
Although practical application of this adsorbent is defluoridation of water at room temperature, effect of temperature gives an insight into the mechanism of adsorption of fluoride. These sorption experiments were carried out at various temperatures, viz., 303, 308, 313, 323 and 333 K. Figure 9 shows the plot of uptake of fluoride (q e ) as a function of concentration of fluoride in solution at equilibrium (C e ). When the temperature was increased from 303 K to 308 K, 313 K, 323 K and subsequently to 333 K, the adsorption increased, indicating that the mechanism is chemisorption.
Adsorption isotherms
Freundlich and Langmuir isotherms are applied for analysis of the adsorption data. Freundlich model which describes non-ideal heterogeneous adsorption is expressed by
where q e is equilibrium uptake of fluoride per unit mass of adsorbent (mg/g), K F is Freundlich constant, C e is equilibrium concentration (mg/L) and n is a constant.
The Langmuir isotherm, on the other hand, assumes uniform adsorption on the surface with a monolayer formation and can be represented by the following equation,
where q e is equilibrium uptake of fluoride per unit mass adsorbent (mg/g), q m is the maximum value of q, K L is Langmuir constant and C e is equilibrium concentration 
where ΔG W is the standard free energy, R universal gas constant (8.314 J/mol K) and T is the absolute temperature in Kelvin (K). 
Kinetic study
Kinetic performance of an adsorbent is of great importance for plant application. From kinetic analysis, the solution uptake rate, the residence time required for completion of adsorption reaction and the scale of adsorption apparatus required can be determined. The kinetics of fluoride adsorption on SFAA was analyzed using pseudo first-order, pseudo second-order and intraparticle diffusion kinetic models and the model parameters are presented in Table 5 .
Pseudo first-order Lagergren model
The most widely used Lagergren rate equation for sorption of a solute from a liquid solution (Lagergren ) is a pseudo first-order equation and is presented in terms of adsorption capacity as follows:
The equation can be rewritten as log q e À q t ð Þ¼log q e À K 1 t 2:303
where q e and q t are the adsorption capacities (mg/g) at equilibrium and time t, respectively; and K 1 (min -1 ) is the rate constant of the pseudo first-order adsorption.
The plot of log(q e-q t ) versus t as shown in Figure 12 (a)
should give a linear relation, from which K 1 and q e can be determined from the slope and intercept, respectively. It can be seen that the Lagergren equation does not fit well for the whole range, particularly the initial times.
Pseudo second-order Ho model
Ho proposed this model based on the assumptions that the adsorption is second order with respect to solid concentration and the adsorption follows Langmuir equation (Ho & McKay ) . The typical second-order rate equation in solution systems is as follows: 
(mg/g) R The linear form of pseudo second-order kinetic rate equation may be expressed as
where q e and q t are the adsorption capacity (mg/g) at equilibrium and time t; K 2 is pseudo second-order rate constant (g/mg.min -1 ). From the slope and intercept of the straight line obtained from the plot of t/q t versus t, the values of q e and K 2 are calculated and presented in Table 5 . It can be seen from R 2 values (Table 5) where q t is adsorption capacity (mg/g) at time t; K id is the intra-particle (pore) diffusion rate constant (mg/g min À0.5 ) and C is the intercept that gives an idea about the thickness of the boundary layer. Larger C value implies a greater boundary layer effect.
The plot of q t against t 0.5 indicates that three steps occur in the adsorption processes as shown in Figure 13 . Table 5 .
Interference of other ions
The Fluoride removal from groundwater SFAA was assessed for fluoride removal from groundwater from Avarangattur, Tamil Nadu and the results are given in Table 6 . It can be seen that SFAA was effective despite the presence of other competing ions. SFAA reduced fluoride concentration from 8.2 to 1.12 mg/L.
CONCLUSION
The performance of a novel adsorbent, SFAA, which was already reported to be effective for arsenic removal, is demon- and follows pseudo second-order kinetic model. Hydroxides, carbonates, bicarbonates, sodium and potassium decrease the adsorption. Breakthrough adsorption capacity of SFAA is 1.21 mg/g, which is four times higher than that of activated alumina employed in the study.
